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1. Introduction 
The implementation of sewage sludge treatment has been a challenge for most of countries due to the lack of 
expertise and fund. Sewage dumping in landfills is the no longer practice in other countries [1]. In European Region, 
there is a ban on sewage sludge deposit in landfill starting from 2005 [2]  Fijalkowski et al. [3] stated that only 39% of 
sewage sludge was used in agriculture in the European region. Besides, high-income countries such as the United States 
of America, Germany, and Canada treated sewage sludge by adapting the anaerobic digestion treatment.  
Anaerobic digestion for sewage sludge has a long history. This treatment purposely aimed to get rid and focused on 
recycling sewage sludge. Afterward, the focus was slowly changed as methane gas of this treatment could be used to 
generate electricity [4]. Practically, anaerobic digestion of sewage sludge comprised of a mixture of primary and 
secondary sewage sludge. In addition, anaerobic digestion also actively developed for food waste management sectors 
[5]. Unfortunately, anaerobic digestion of food waste was inefficient when it is used as a sole substrate [6]. Therefore, 
co-digestion was used as an alternative. Co-digestion also enhanced the productivity of renewable energy, the 
possibility of nutrient recycling and reduction of wastes [7]. Recently, co-digestion realized to be more stable when a 
Abstract: Sewage sludge and food waste; are organic wastes suitable for the anaerobic digestion. However, the 
digestion of sewage sludge and food waste as solely substrate is having a drawback in term of methane yield. 
Therefore, many researchers combined these two wastes as a co-substrate and used in co-digestion. This study 
focused to evaluate the anaerobic co-digestion of domestic sewage sludge (in form of primary and secondary 
sewage sludge) with food waste under mesophilic temperature in a batch assay. Two series of batch biochemical 
methane potential (BMP) test were conducted using the Automatic Methane Potential Test System (AMPTS II). 
Each set are labelled with BMP 1(PSS:FW) and BMP 2 (SSS:FW). The BMP tests were monitored automatically 
until the methane production is insignificant. Using the data observed in the laboratory, the kinetic paremeters were 
calculated. Also, the First-order and Modified Gompertz modeling were included to predict the anaerobic digestion 
performance. Finding showed that BMP 1(PSS:FW) have better performance with respect to the higher ultimate 
methane yield and methane production rate  as compared to BMP 2 (SSS:FW). Besides, the kinetic parameters 
from laboratory work and modeling were slightly different. In which the kinetic paremetes from modelling is 
lesser. However, both modelling are well fitted to the experimental data with high correlation coefficient, R2 
ranged from 0.993 to 0.997. 
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variety of substrates were applied. The most common situation is when many main basic substrates such as sewage 
sludge are mixed and digested together with a minor amount of as single; a variety of additional substrates [7] It should 
be realized the potential of food waste  to be used as feedstock as it is highly rich in organic matter and nutrients [8]. 
Easily biodegradable organic is preferable for anaerobic digestion due to the characteristics that easy to degrade in 
hydrolysis process [9] 
Focusing on the co-digestion of sewage sludge and food waste, several laboratory scales for the study of co-
digestion of sewage sludge and food waste has been conducted [9]–[11]. Almost all these studies show improvement. 
For instance, Prabhu and Mutnuri [12], found significant improvement of methane yield of 471.1mL CH4/g VS with the 
supplementary of food waste as compared to 385.9 mL CH4/g VS from digestion of sewage sludge alone. Not only 
limited in laboratory scale, co-digestion of sewage sludge, and food waste also applied at full-scale East Bay Municipal 
Utility District WWTP is the first plant in the US to implement co-digestion of sewage sludge and food waste. Other 
than that, the Rovereto plant and Treviso plant in Italy also implemented the co-digestion of sewage sludge and food 
waste [13]. However, less study of co-digestion of sewage sludge and food waste was reported. 
Methane is estimated through the biochemical methane potential test (BMP). BMP is a reliable and well-known 
test to evaluate the ultimate methane potential per mass of the substrate. According to Valero et al.  [14], by adapting 
the BMP test, the matter removal (in terms of total solid(TS), volatile solid (VS) or chemical oxygen demand (COD)) 
and the kinetics studies of organic substrate in the anaerobic digestion process could be observed. Simple and practical 
tools to evaluate the performance of anaerobic digestion for organic waste is a batch reactor. A biochemical methane 
potential (BMP) batch anaerobic digestion was suitable for determining the degradation of the kinetics and the 
formation of methane gas [10].  
Therefore, this study was aimed to assess the anaerobic co-digestion of primary and secondary sewage sludge with 
food waste under mesophilic temperature. A series of batch biochemical methane potential (BMP) tests were conducted 
using the Automatic Methane Potential Test System (AMPTS II). The First order and Modified Gompertz modeling 
equation were included to predict the anaerobic digestion performance. 
 
2. Material and Methods 
2.1 Substrate and Inoculum 
This study used two types of substrates labeled as PSS: FW and SSS: FW, which is a mixture of primary sewage 
sludge with food waste and secondary sewage sludge with food waste at 4:1 ratio on wet mass [15]. Both types of 
sewage sludge were sampled from the Universiti Tun Hussein Onn Malaysia( UTHM) sewage treatment plant. On the 
other hand, food waste (FW) was tested from the campus cafeteria in UTHM too. A major fraction of FW included rice, 
vegetables, and meats. The samples were screened for non-biodegradable items such as plastics bags and cutlery before 
blended around two or three minutes using a household blender into a thick consistency with the addition of tap water 
[16]. 
The inoculum was taken from the existing full-scale anaerobic digester treating palm oil mill effluent (POME). The 
inoculum consists of active anaerobic bacteria. The sewage samples, blended food waste, and anaerobically digested 
sludge were kept in a plastic container stored at 4⁰ C until used in the anaerobic digestion assay [17]. 
 
2.2 Biochemical Methane Potential (BMP) Test  
Two (2) sets of batch BMP test labeled as BMP 1(PSS:FW) and BMP 2(SSS:FW) were performed through 
Automatic Methane Potential Test System II (AMPTS II) precedence from a recent study by Seswoya et al. [18] using 
500ml Duran bottles as reactors. With the total working volume of 400ml, inoculum, and substrate were filled up 
according to inoculum to substrate (I/S) ratio of 2:1 on VS basis [14]. The mass of inoculum and substrate added into 
the reactor was tabulated in Table 1 determined using VS in (%) as according to Stromberg et al. [19]. 
Table 1 - Mass of inoculum and substrate filled into the reactors 
BMP Reactor Mass of inoculum (g) Mass of Substrate (g) pH 
BMP 1(PSS:FW) 
Blank 215.7 - 7.3 
Substrate 215.7 45.0 7.2 
BMP 2(SSS:FW) 
Blank 346.9 - 7.1 
Substrate 346.9 53.1 7.2 
 
The BMP test was conducted in triplicate sample reactors and duplicated in a blank reactor contained inoculum 
solely. The substrate and inoculum were shaken to homogenize the solids concentration before pouring into reactors 
[20]. Besides, to avoid the early reaction that may interrupt the results, the reactors were prepared one after another, and 
the initial pH was recorded. The initial pH ranged from 7.1 to 7.3 are suitable for the anaerobic process. Then, the 
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reactors were purged with pure nitrogen (N2) gas for two minutes before placed in the unit A of AMPTS II (Fig. 1) at 
mesophilic temperature (37°C) [21]. The reactors were mixed automatically at 100 rpm [8]. 
 
 
Fig. 1 - Automatic Methane Potential Test System (AMPTS II) 
 
2.3 Analytical Method 
The analytical method describes the procedure for characterization. Characterization of the substrate is an 
important parameter reflecting the potential of methane production from the BMP test [22]. The analytical methods 
used for this study were presented in Table 2. Solid (TS and VS) also applied for BMP setup, and alkalinity was 
measured to confirm the stability of the anaerobic process. A calibrated pH meter was used for pH determination. The 
soluble form each for substrate and inoculum was prepared by centrifuging the sample and followed by filtration 
through a 0.45 µm cellulose acetate filter [8]. 
Table 2 - Analytical method 
Parameter Analytical Method Reference 
COD (g/L) HACH method 8000  [23] 
TS (g/L) APHA: Method 2540B [23] 
VS (g/L) APHA: Method 2540E [24] 
Protein (g/L) Lowry Method [25] 
Carbohydrate (g/L) Dubois Method [9] 
Alkalinity(gCaCO3/L) APHA: Method 2320B [9] 
 
2.4 Kinetics Analysis 
Two (2) kinetics modeling was used in this study to estimate the performance of the BMP test. The first-order 
kinetics modeling was applied as it is the simplest model yet can predict the ultimate methane yield and the methane 
production rate. Since the lag phase also crucial parameter to be observed, modified Gompertz modeling was applied. 
With aid from Excel Solver, Microsoft Excel kinetics parameters such as ultimate methane yield, maximum methane 
production rate, and lag phase were estimated from the graph that fits the experimental data set [26].  
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where M represents the specific methane yield (mL/g VS) at a digestion time, M0 is the methane potential (mL/g VS), 
Rm and k stands for the methane production rate (mL/g VS day), e is the Euler’s constant (2.7183) and λ refer to the lag 
phase (days). 
 
3. Results and Discussion 
3.1 Characteristics of Inoculum 
The inoculum used in this study was taken from a full-scale anaerobic digester. It is common to use the 
anaerobically digested sludge from full-scale anaerobic digester for the BMP test [27] Table 3 shows the characteristics 
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inoculum contained complex organic, including protein and carbohydrate. As expected, the total protein and 
carbohydrate were different from the two samples. The protein concentration was always higher than carbohydrates as 
observed by Cabbai et al. [9] and Zhen et al. [28]. Both samples show the VS / TS of 0.45 and 0.43 for the first and 
second sampling, respectively. Liu et al [25], reported that  inoculum  taken from the anaerobic digester (operated at 
mesophilic temperature) was having a VS/TS ratio of 0.48. The inoculum having VSS/TSS ratio  more than 0.5 was  
found resuted in higher methane yield due to the remaining organic in the iniculum itself. The use of inoculum with 
higher methane yield is not appropriate because in the BMP assay, the  methane yied from the targeted substrate  is 
subtracted from the methane production obtained in the blank assays (only inoculum) [27]. 
Table 3 - Inoculum characteristics (N=3) 
Parameter Used for BMP1 (PSS:FW) Used for BMP2 (SSS:FW) 
Total solids (TS) (g/L) 19.89±0.51 16.22±0.38 
Volatile solids (VS) (g/L) 8.89±0.19 7.00±0.33 
COD total (g/L) 20.34±0.25 17.78±0.19 
COD soluble (g/L) 6.75±0.12 5.64±0.17 
Protein total (g/L) 4.89±0.03 4.10±0.05 
Protein soluble (g/L) 1.54±0.02 1.32±0.01 
Carbohydrate total (g/L) 1.31±0.05 1.27±0.01 
Carbohydrate soluble (g/L) 0.22±0.04 0.19±0.03 
 
3.2 Characteristics of Substrates 
The characteristics measurement was carried out as soon as the sample arrived and completed within seven days to 
minimize errors from the effects of biodegradation due to microbial action. The characteristics are crucial as it reflects 
the potential in producing methane gas. A small difference of organic matter was observed from the PSS:FW and 
SSS:FW indicates by 0.94 and 0.93 VS/TS ratio, respectively. Besides, according to Seswoya et al. [21], VS/TS ratio 
greater than 0.50 represents high organic content in the substrate, thus easy to biodegradable. The protein is much 
higher as compared to carbohydrate observed consistently in both substrates. The soluble COD, proteins, and 
carbohydrates concentration for PSS:FW were relatively higher than what was seen from SSS:FW. As expected, the 
soluble form of COD, proteins, and carbohydrates than particulate form was lower. The finding is similar to what was 
observed by Cabbai et al. [9], and Zhen et al. [29].  
Table 4 - Substrate characteristics (N=3) 
Parameter PSS:FW SSS:FW 
Total solids (TS) (g/L) 79.64±1.37 78.56±3.20 
Volatile solids (VS) (g/L) 74.53±4.85 73.20±1.17 
COD total (g/L) 72.30±0.01 70.69±0.01 
COD soluble (g/L) 13.62±0.04 13.92±0.02 
Protein total (g/L) 3.73±0.25 3.32±0.30 
Protein soluble (g/L) 0.25±0.00 0.23±0.01 
Carbohydrate total (g/L) 6.11±0.15 6.00±0.10 
Carbohydrate soluble (g/L) 0.72±0.00 0.68±0.00 
 
3.3 Stability of Anaerobic Process for BMP Test 
The stability of the anaerobic process in the BMP test is essential as it shows the efficiency of the test. For batch 
reactors, the stability is determined by determining the  pH and alkalinity.The pH was measured before and after 
digestion. Any value of pH is acceptable as long as the pH is in the range of acceptable pH for the anaerobic process. In 
addition, alkalinity also conducted to verify the stability of the BMP process in the form of intermediate alkalinity (IA) 
and partial alkalinity(PA) and the ratio of IA/PA. The final pH for BMP 1(PSS:FW) was recorded varies from 7.1 to 
7.5. 
On the other hand, BMP 2(SSS:FW) final pH varies from 7.3 to 7.6. It seems that the pH remained in the pH 
suitable for the anaerobic process, which is from 5.5 to 8.5 [30]. Both BMP tests were in stable condition indicates by 
IA/PA less than 0.4; which the alkalinity varies from 0.04 to 0.15 and 0.14 to 0.15 for BMP 1(PSS:FW) and BMP 
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2(SSS:FW) respectively,  indicating that the anaerobic process was stable throughout the study period. Cabbai, et al., 
[9] stated that IA/PA lesser than 0.4 is showing the steady anaerobic process. 
 
3.4 Methane Accumulation 
Net methane accumulation is the difference between methane production from the sample reactor and the blank 
reactor [21]. The net methane accumulation for BMP 1(PSS:FW) and BMP 2(SSS:FW) were presented in Table 5. The 
net methane accumulation from the BMP 1(PSS:FW) was higher than the net methane observed from the BMP 
2(SSS:FW). These findings are coincidence with previous studies by  Dinh et al. [31] and Xie et al. [32]. However, the 
digestion of co-substrate BMP 1(PSS: FW) resulted in higher net accumulated methane, about 530.4ml  as compared to 
BMP 2(SSS:FW), because PSS:FW having a slightly higher organic as indicated by higher VS/TS and COD.  
Table 5 - Methane accumulation for BMP assay 
BMP BMP 1(PSS:FW) BMP 2(SSS:FW) 
Volume (mL) 
 
Blank Reactor Sample Reactor Blank Reactor Sample Reactor 
Average accumulated methane  53.9 584.3 58.9 487.0 
Net accumulated methane  530.4 428.1 
 
3.5 Ultimate Methane Yield 
The digestion period for the BMP tests was 15 days. As presented in Fig. 2, both digestion shows rapidly start, but 
the methane yield at a different time with one day difference. There is no lag phase observed for each BMP test. 
Starting from the 12th day of BMP assay, it was found that methane production has come to a stop. Due to the higher 
organic content in BMP 1(PSS:FW), the ultimate methane yield was also observed higher than BMP 2(SSS:FW). The 
ultimate methane yield for the BMP 1(PSS:FW) was 1233.57 mL CH4/g VS starting from the 13th day. On the other 
hand, the ultimate methane yield for BMP 2(SSS:FW) was observed starting from the 12 th day. The ultimate methane 
yield for BMP 2(SSS:FW) was 995.5 mL CH4/g VS, lesser about 237.99 mL CH4/g VS than the ultimate methane yield 
for BMP 1(PSS:FW), resulted in an indifference about 19.30%.  
 
 
Fig. 2 - The methane yield curve 
 
The ultimate methane yield for the BMP 1(PSS:FW) is higher than BMP 2(SSS:FW). As observed, the PSS:FW 
contained slightly higher organic content compared to SSS: FW. Pan et al. [29] and Xie et al. [32]  also have a similar 
observation and pointed out that the variations in TS, VS of the substrate significantly influenced the methane 
production. Li et al. [33] also supported this difference, that stated the methane yield and methane production could be 
different due to the facts of different substrate characteristics and varied source of samples. Prabhu & Mathuri [12] 




3.6. Methane Production Rate  
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In general, the co-digestion of BMP 1(PSS:FW) and BMP 2(SSS:FW) shows quick initial methane production 
demonstrated by steeper slope from the curve (Fig. 1). Both BMP shows a fast methane production rate indicating no 
acclimation period occurs. Table 6 summarized the maximum methane production rate. The characteristics of the 
substrate mostly influence the methane production rate. BMP 1(PSS: FW) showed a higher methane production rate 
influenced by the high value of carbohydrate and soluble organic as compared to the co-substrate of BMP 2(SSS: FW). 
These findings corresponded well with results revealed by Li et al. [33], which observed that the anaerobic digestion 
with high carbohydrate content produced fast methane production rate. Wang et al.   [34] and Elsayed et al. [35], stating 
that small particle size of the substrate and soluble concentration also ascent the methane production rate as it is ready 
to degrade. A high amount of soluble concentration accelerated the methane production rate in anaerobic digestion 
since it is readily degradable. Other studies of co-digestion between primary sewage sludge and food waste conducted 
by Pan et al. [29] also showed similar trends. 









Methane production rate ( mL CH4/g VS d) 628.18 510.16 
 
3.7. Methane Production Kinetic Modeling 
Two (2) kinetic modeling adapted to fit and determine the methane production in the batch BMP test in this study. 
The first-order kinetics describes only two kinetic parameters, which are the ultimate methane yield (Mo) and methane 
production rate (k). Hence, Modified Gompertz (Eq. (2)), the lag phase could be determined too.  
Table 7 presented the experimental data with the kinetic analysis using First-order kinetics. First-order analyzed 
similar value for both the BMP test. Parra-orobio et al. [36] stated that the methane production rate, k in the range of 
0.025-0.2d-1 is possible if the substrate is rich in carbohydrate. This study observed the higher k, ranged 0.4 to 0.7 l/d.  
Iqbal Syaichurrozi & Sumardiono [37] stated that a high value of k means that the faster rate of methane is produced 
and the high value of k may influence the methane production yield. In contrast, the ultimate methane yield observed 
from modeling is fluctuated in such a way the improved ultimate methane yield was observed for BMP 2 (SSS: FW). 
Adapting first-order modeling shows a lower parameter than observed through experimental data. Algapani et al. 
[38]  found that lower methane yield and methane production rate than experimental data. The results of the correlation 
coefficient, R2 ranged from 0.997 to 0.999 was observed by this study, relatively higher than average. On average, the 
R2 for co-digestion of sewage sludge and food waste studies were shown to have values ranged from 0.890 to 0.960 [8],  
[39]. 
Table 7 - Kinetic parameters from laboratory and first order modelling 
BMP test BMP 1 (PSS:FW) BMP 2 (SSS:FW) 
Kinetic Parameter Experimental First-order Experimental First-order 
Ultimate methane yield, Mo (mLCH4/gVS) 1233.57 1181.95 995.58 1181.95 
Methane production rate, k  
(mL CH4/gVS/day)  
0.40 0.66 0.40 0.66 
R2 0.997 0.997 
 
Table 8 - Kinetic parameters from laboratory and Modefied Gompertz modelling 
BMP test BMP 1 (PSS:FW) BMP 2 (SSS:FW) 






Ultimate methane yield, Mo 
(mLCH4/gVS) 
1233.57 1158.43 995.58 938.41 
Methane production rate, k  
(mL CH4/gVS/day)  
628.18 576.86 510.16 468.73 
Lag phase (day) 0.04 0.00 0.04 0.00 
R2 0.994 0.993 
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Based on the modeling analysis, the lag phase was not available at all. In contrast, the experimental data showed 
that the co-digestion resulted in the lag phase of 0.04 days.  The finding is found to be similar to what was observed by 
Algapani et al. [38].  
Many studies have adapting Modified Gompertz were mostly found lower value for the kinetic parameters as 
compared to the experimental work [40]. Also, lower R2 ranged from 0.967 to 0.994 for the co-digestion study was 
observed. Unlike the previous research, this study found higher R2 ranged from 0.993 to 0.997. These values 
corroborate the ideas of  Zhen et al. [41], who suggested that R2 near to 1 shows satisfactory agreement between the 
actual and predicted values. 
 
4. Conclusion  
Two co-digestion sets of sewage sludge with food waste were done in this study, and each was labeled as BMP1 
(PSS:FW) and BMP2 (SSS: FW). For each co-digestion test, the different inoculum was used.  The inoculum was 
found to have low organic content, as indicated by the VS/TS ratio lesser than 0.5. Meanwhile, the co-substrates are 
having higher organic substances, as indicated by the VS/TS ratio of more than 0.90. Besides, the PSS:FW was slightly 
improved bioavailability subsequently resulted in higher methane accumulation.  
 BMP 1(PSS:FW) has resulted in a high value of ultimate methane yield of 1233.57 mL CH4/g VS; increased by 
19.30% difference than BMP 2(SSS:FW). The co-digestion of PSS:FW was also found the improved methane 
production rate. No lag phase was observed for each co-digestion study, indicated that a mixture of sewage sludge with 
food waste at a 4:1 ratio is suitable for anaerobic co-digestion. Besides, the methane kinetics parameters calculated 
from laboratory work was slightly different from the observation from modeling analysis. However, both models are 
well fitted to the experimental data with a high correlation coefficient; R2 ranged from 0.993 to 0.997. 
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